Abstract-A new in-situ moisture monitoring technique for photovoltaic (PV) modules is proposed using miniature digital humidity and temperature sensors. The sensors were embedded in three different ethylene-vinyl-acetate (EVA) stacks and proved to be resistant to lamination conditions. The fact that they are in direct contact to EVA does not affect their performance, since their saturated relative humidity (RH) reading is proportional to the external RH in the air. By exposing the sensors to elevated temperature and RH conditions, water vapor transmission rate of the backsheet and diffusion coefficient of the EVA can be determined. Obtained coefficients agree with reference values within their measurement uncertainties. Besides determining material moisture ingress properties, this monitoring technique is also applicable for long-term outdoor PV module monitoring. It shall provide valuable location and installation specific information of RH and temperature stress conditions, especially as feedback information to manufacturers of materials and PV modules.
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I. INTRODUCTION
P HOTOVOLTAIC (PV) modules are installed all over the world under various climatic and environmental conditions. During their operation, they face different stress factors such as extreme temperatures, high moisture, ultraviolet (UV) irradiation, wind, snow, hail, sand, salt, and others, degrading their performance [1] - [3] . Although PV modules are certified according to currently valid IEC standards, granted certificates do not fully guarantee their lifetime performance [4] , [5] . In particular, moisture ingress represents an important performance degradation factor, which is strongly influenced by the PV module's configuration, encapsulants, installation type, and location [6] , [7] . Water vapor in form of particles or bubbles affects the level of irradiance entering the cells and changes modules' performance instantly [8] , whereas moisture ingress into the PV module causes hydrolysis of polymeric components and corrosion of glass and metallic parts like solar cells' fingers and tabbing ribbons [9] , [10] . Elevated moisture and temperature strongly affect potential-induced degradation rates [11] and are strongly correlated with leakage currents [12] . Combining heat and UV irradiation, moisture can also cause coloration of encapsulants or affect the adhesion between the different layers.
Hence, to assess the long-term performance of PV modules, it is significant to be able to predict the level of water ingress in them, where, besides climatic and installation conditions, the choice of encapsulants plays a crucial role. By using previously determined properties of moisture diffusion and solubility of used materials, it is possible to simulate the moisture ingress in PV modules using approximate analytical relations [13] , [14] or finite-element modeling [15] . Some attempts of in-situ moisture measurement methods have also been reported using different self-made moisture sensors with combination of external impedance spectroscopy instruments [16] - [18] . Although they give results that are consistent with simulations, they all require thorough calibration procedures and cumbersome instrumentation. Till now, the use of commercially available humidity sensors was very limited mainly by the large size of the sensors. Thanks to the rapid progress of integrated circuits, miniature calibrated digital sensors are now commercially available.
In this paper, we propose a new in-situ PV module moisture measurement method based on an array of commercial humidity sensors SHT25 from Sensirion. This type of sensors work on a capacitive measurement principle using polymer dielectric that provides accurate temperature and humidity readings with full in-chip calibration and temperature compensation [19] . Since the sensors are packed in a "Dual Flat No leads" package with 3 mm × 3 mm footprint and 1.1-mm height, their introduction into the PV module stack is viable and presents minimal impact while offering one of the lowest absolute RH measurement uncertainty <2%RH in the range from 10%RH to 90%RH.
II. EXPERIMENT

A. Humidity Sensors SHT25
Humidity sensors SHT25 are integrated sensors based on a CMOSsens technology [20] . This technology utilizes capacitive sensing principle using a capacitor that contains polymer dielectric that absorbs or releases water according to the surrounding humidity. The change of the capacitance is sensed by an integrated readout electronics. A combination of a temperature sensor, on-board calibration data memory, and signal processing in the same chip provides calibrated and temperaturecompensated data via a digital interintegrated circuit (I 2 C) communication interface. Sensor package dimensions are shown in Fig. 1 , where the top rectangular opening represents the entrance to the moisture sensitive area, while soldering pads are located on the bottom at both lateral edges.
Typical temperature measurement uncertainty is ±0.2°C in the range between 0°C and 60°C, while in the overall measurement range from −40°C to +120°C, it is confined within ±0.7°C. Relative humidity (RH) measurement uncertainties that depend strongly on temperature and humidity are summarized in Fig. 2 . The sensors work most stably in a normal measurement range, where they exhibit outstanding RH measurement uncertainty typically as low as ±1.8%RH. In addition to somewhat worse accuracy outside the normal operation range (typically from ±2%RH to ±3.5%RH), long-term exposure to RH conditions above 80%RH may temporarily offset the RH reading (+3%RH after 60 h), as stated in the datasheet [19] .
B. Sensor Strips
A custom sensor strip was designed for mechanical support and electrical connections to the sensors that can hold up to ten equally spaced sensors in one row. The sensor strip is basically a printed circuit board (PCB) based on an FR-4 (Epoxy resin On the top side of the PCB, it is aligned with the surface of the PCB, whereas on the bottom side of the PCB, it sticks out 0.6 mm. An additional 100-nF capacitor is placed in the slot next to the sensor for power supply decoupling.
material reinforced by eight layers of glass fiber cloth) core material covered by 35-μm-thick copper foil on both sides. The copper foil was patterned to provide isolated electrical routes from the sensors to the edge connector on the right-hand side of the strip, as shown in Fig. 3 . A 0.5-mm pitch flat ribbon cable was soldered to the edge connector providing connection to external readout electronics.
A square slot the size of the sensor's footprint was cut out of the PCB for each sensor. The sensors were placed in the prepared slots, and their pads were soldered across the edges of the slots to the corresponding connection lines on the bottom of the PCB. Each slot was widened on one side just enough to provide the space for an additional 100-nF capacitor (case size 0805) next to each sensor for power supply decoupling. Since the thickness of the PCB is 0.5 mm and sensors are thicker (1.1 mm), we aligned them with the top side of the PCB, providing a flat surface on the sensing side, as shown in Fig. 4 .
For measurement data reading, we developed an electronic interface capable of connecting three sensor strips in parallel. This enables temperature and RH reading of up to 30 sensors simultaneously using general call synchronization technique followed by a data fetching, minimizing total scan time down to 1 s. Data are transferred to a personal computer via Universal Serial Bus interface and stored for postanalyses.
C. Preliminary Ethylene-Vinyl-Acetate/Ethylene-Vinyl-Acetate Stack Experiment
Humidity sensors SHT25 are initially calibrated solely for RH measurements in the air; thus, their performance in direct contact with different encapsulants is generally not known. The manufacturer also states that one has to be very careful when exposing sensors to different environments containing gasses not commonly present in the air. To test and evaluate the performance of the laminated humidity sensors technique, the simplest possible stack was laminated, consisting of only two layers of ethylene-vinyl-acetate (EVA) on each side of the sensor strip (see Fig. 5 ). This stack arrangement allows quick moisture exchange between the air and the sensor with the least unknown variables. Altogether, four sensor strips were assembled with four sensors each. Three sensors on one side of the strip were laminated in the EVA/EVA stack, while the fourth sensor on the other side of the strip was kept unlaminated for direct air RH measurement.
The sensor strips were put in a climate chamber KK-2310 CHLT, which has a stated RH temporal accuracy better than ±3%RH. The temperature was set to 80°C, while the RH was increased from 30%RH to 90%RH in 10%RH steps and, finally, to 95%RH. Each step was held long enough to provide stable RH for 1 h within the range of ±3%RH according to the set value. Since the manufacturer of the climate chamber does not specify the spatial RH inhomogeneity which can vary as high as ±5% RH in similar chambers, the reference air RH was measured separately in the vicinity of the sensor strips using a calibrated sensor (FHA646 from Almemo) with the RH measurement uncertainty of ±3%RH (expanded uncertainty factor k = 2). Measurement data were acquired simultaneously in 1-min intervals.
D. Glass/Ethylene-Vinyl-Acetate/Backsheet Stack Experiment
The purpose of this experiment was to evaluate the applicability of the proposed method to determine the moisture diffusion properties of the backsheet material. Here, a classical PV module stack was laminated consisting of glass, two pairs of EVA sheets on each side of the sensor strip, and a backsheet (see Fig. 6 ). Two equal stacks the size of 40 cm × 20 cm were laminated, each containing one sensor strip equipped with three sensors for redundancy.
Comparing the vertical and lateral moisture diffusion path distances, it is plausible to assume that the moisture predominantly diffuses in vertical direction through the backsheet. Here, the glass is presumed to be impermeable. Both stacks were put into a climate chamber and exposed to damp-heat (DH: T = 85
• C, RH = 85%RH) conditions for 100 h.
E. Glass/Ethylene-Vinyl-Acetate/Glass Stack Experiment
In this experiment, two 40 cm × 40 cm glass/glass PV module stacks were laminated with two layers of EVA on each side of the sensor strip. Assuming the glass is impermeable, moisture penetrates through the EVA laterally from edges, which are fully exposed to the environment, as shown in Fig. 7 . Hence, with this experiment, moisture ingress properties of EVA are investigated. Fig. 8 shows sensor strip placement for both glass/EVA/glass stacks. In sample A, it is placed in parallel to the edges and in the sample B diagonally from one corner to the center. Since both sensor strips are fully equipped with ten sensors each, the sensor strip in sample A extends across the center with sensor S7 at the center, while in sample B, sensor S10 is positioned at the center.
In both samples, the sensor strip is connected across the edge of the stack to the outside readout electronics via a thin 14-leads 8.5-mm-wide and 0.4-mm-thick ribbon cable (Temp-lex 30 AWG). This cable was used because it can resist typical lamination temperatures up to 200°C by using fluorinated ethylene propylene insulation material [21] . Small cable dimension assured minimal impact to moisture ingress properties at the place where it enters the laminated stack.
As in the previous experiments, both samples were exposed to damp-heat (DH: T = 85
• C, RH = 85%RH) conditions, but since the moisture diffusion path from the edges to the middle of the stack is much longer than in the previous case, the test was conducted for 2500 h. - * Data at 85°C are extrapolated from measured points at 30°C, 40°C, and 50°C using Arrhenius law dependence. All of the stacks were prepared by a standard lamination procedure according to the manufacturer's recommended recipe. Before the lamination, all sensor strips were baked in the oven at 80°C for at least 3 h to evaporate the water that may have existed in the FR-4. In Table I , materials' thicknesses and moisture ingress data (diffusion coefficient D, water vapor transmission rate WVTR and saturation water content c s ) are summarized. Data at 30°C, 40°C, and 50°C were determined by a Mocon experiment using PERMATRAN-W Model 3/33. Data at 85°C were extrapolated using the Arrhenius law dependence.
III. RESULTS
A. Preliminary Test of the Ethylene-Vinyl-Acetate/Ethylene-Vinyl-Acetate Stack
Results of the preliminary EVA/EVA stack experiment are shown in Fig. 9 . Measurement values of the SHT25 sensors that are exposed to the air closely follow the reference RH measurement up to 90%RH, where an additional drift up to +5%RH appears. Thus, at the highest set humidity of 95 %RH, sensors give air humidity results even over 100 %RH. Note that the reference RH value in the air which was measured by an independent sensor in the vicinity of the stacks shows systematic positive bias with regard to the values set by climatic chamber, which were set in 10%RH steps from 30%RH to 90%RH and, finally, to 95%RH. The RH set error at the place of the stacks increases with the set RH value but stays below 4%RH. Temperaturemonitoring results were very stable within the stated uncertainly of ±0.5°C, and they are not shown in the following graphs for clarity.
The RH measurement results of the laminated SHT25 sensors show that EVA moisturizes very quickly at 80°C, as expected, and thus quickly follows the changes of the external RH. Further, the RH readings of the laminated sensors in the same stack or even between stacks are very consistent. Most importantly, the internal RH readings follow the external RH with some delay but saturate close to the air RH value at the end of each step.
B. Glass/Ethylene-Vinyl-Acetate/Backsheet Stack Experiment
The results of the glass/EVA/backsheet stack experiment in a steady DH conditions are shown in Fig. 10 . The control of the air RH at 85% (measured by a separate SHT25 sensor) was performed well, except at the beginning where a transient behavior after closing the chamber is observed. After approximately 40 h when a steady state of 85%RH was reached, a small positive drift appears in the sensor in the air. Much more pronounced drift was already observed in the range above 90%RH (see Fig. 9 ).
Similarly to the preliminary test, the RH readings are very consistent for the sensors in the same stack as well as for the sensors in different stacks. The RH values increase in exponential fashion and saturates close to the value of the external RH.
Assuming that moisture enters mainly perpendicularly through the backsheet and the EVA to the sensor, we can apply the 1-D Fick's diffusion model to describe the water content time dependence at the location of the sensors. According to [14], Fick's differential equation can be simplified with some reasonable assumptions to
and solved analytically, leading to the following solution:
where c is the water concentration in the EVA measured by our laminated sensors; c 0 is the initial water concentration in the EVA; c ex is the concentration of water that would be in the EVA at equilibrium with the air, which is presumed to be constant; c s is the saturation water concentration in the EVA; d is total thickness of the four EVA sheet layers used in the stack; and WVTR BS is the water vapor transmission rate of the backsheet under saturation conditions. We fitted all of the acquired RH data to (2) using least mean square method, where WVTR SB was free parameter. Fitting results are shown in Fig. 10 with dashed gray lines. Since the fit was not very good, we added a linear term "drif t · t" to (2) to model the observed drift of the sensors. These fits are denoted by full black lines in Fig. 10 . The obtained fitting parameters are presented in the discussion section.
C. Glass/Ethylene-Vinyl-Acetate/Glass Stack Experiment
Results of the glass/EVA/glass stack experiment in steady DH conditions for samples A and B are shown in Figs. 11 and 12 , respectively. Since the moisture enters from the edges of the stack only, it takes much longer to reach the sensors deeper in the stack. Thus, in contrast with the previous glass/EVA/backsheet experiment which lasted for 100 h, this experiment requested more than 1000 h to observe a significant humidity increase at the center of the stack. Thus, we carried out this experiment for 2500 h. During this time, the drift in the air RH readings measured by a separate SHT25 sensor is clearly evident, although the chamber maintained constant DH conditions according to the reference measurement. Moisture reaches each sensor individually, starting from S1 which is closest to the edge and continuing to the sensors that are deeper in the stack. In Fig. 11 , results of the sensors S1-S7, being S7 in the center of the sample A, are shown. Since the sensors S8-S10 are symmetrically placed on the other side from the center with respect to the sensors S6-S4, their readings are not shown here. Nevertheless, they will be presented later in Fig. 13 to confirm that the implementation of the sensor strip does not affect the water diffusion through the bulk EVA material. In the case for sample B, data for all ten sensors are presented in Fig. 12 .
In contrast with the glass/EVA/backsheet stack, here, we can apply lateral 2-D Fick's diffusion problem, which can be also solved analytically making some reasonable assumptions [14] . 
where only two EVA material properties are used, i.e., the diffusion constant D EVA and the saturation water concentration c s . Besides already mentioned parameters in (2), only lateral dimensions of the stack (l x , l y ) are present here. Fitted curves using (3) are in very good agreement with the measured data for all sensors in both stacks, except for sensor S1 which is closest to the edge of the stack. RH values given by the sensor S1 rapidly increase from the very beginning of the test, although the distance of this sensor from the edge is 50 mm in sample A and 58 mm in sample B. This indicates that the water vapor diffuses almost instantly to the sensor S1 from the closest edge most probably due to a bad adhesion of the EVA to the FEB ribbon cable. Additionally, in the case of the sample B the RH values of S1 increase beyond expected limits without saturation. It seems that S1 exhibits much higher drift when operating outside normal range than the sensors in the air (that is above 60%RH at 85°C). This phenomenon can be attributed to the fact that sensor S1 is exposed to the highest RH among all laminated sensors for very long time causing unexpected sensor failure. This failure could be triggered by some interaction of the sensor to the released gases from the EVA or could be just a coincidence. Fig. 13 shows RH spatial profile at different times for sample A including all ten sensors. Symmetrical shape of the spatial profile around sensor S7 at the center of the stack indicates that there is no favorable moisture ingress path along the surface of the sensor strip, i.e., water diffuses equally from all edges toward the center regardless of the presence of the sensor strip on one side.
IV. DISCUSSION
The preliminary test using EVA/EVA stack showed that in normal operation conditions (denoted as normal range in Fig. 2 ), SHT25 sensors encapsulated in the EVA perform as well as in the air. They survive the lamination procedure without any observable impact on their performance. Furthermore, their RH reading is linearly proportional to the RH of the air, although there is no air present in the EVA, since it is presumably sucked out of the stack during the lamination process. At the very least, no air bubbles were observed in the laminate, and as evident from Fig. 14 , the EVA pours in all openings including the entry to the active part of the SHT25 humidity sensor. Therefore, we are quite certain that the EVA is in direct contact to the active capacitive sensing area of the laminated sensor. The credibility of the proposed method for in-situ monitoring of water content in the PV modules is reinforced by the fact that all laminated sensors provide consistent measurements that are proportional to the RH values in the air.
The experiments on sensors laminated in realistic PV stacks (glass/EVA/backsheet and glass/EVA/glass) showed that the SHT25 sensors can withstand a long period of elevated temperature and RH conditions as long they are exposed to RH values under 70%RH. Above that RH range, they can exhibit much higher drift than in the air. The drift of the sensor in the air that was determined by a linear fit from the 2500 h experiment is 3.6%RH/1000 h, which agrees with the drift, stated by the manufacturer if the sensor is exposed to RH above 80 %RH [19] . As stated in the datasheet, we have also observed that the drift process is reversible. In Figs. 11 and 12 , two small steps in the external RH reading (at t = 1750 h and t = 2400 h) can be noticed. They correspond to short-term openings of the climatic chamber, when the sensors in the air experience a sudden drop of temperature and RH (not shown in the graphs due to low sampling rate). During that time, their readings were shifted to lower values, from which they started to slowly drift again when the chamber was closed and temperature and RH conditions were restored.
The drift observed in the EVA is higher. In the case of the sensor S1 laminated in the sample B (see Fig. 12 ), it reaches 14.5%RH/1000 h. Similar drift parameters 12-14%RH/1000 h were obtained by fitting the RH results in the EVA of the glass/EVA/backsheet stack to exponential equation (2) with additional linear term.
The drift of the laminated sensors in the EVA can be related to at least three mechanisms: 1) slow absorption of water in the FR-4, which is not taken into account in the simplified diffusion model solution [see (1)]; 2) the effect of gasses released from the EVA that can affect the sensor readings; 3) the already observed drift due to exposing sensors outside normal operating conditions. These mechanisms have yet to be characterized, and thus, any additional nonlinear fitting with higher number of parameters would not add to better understanding of the processes going on inside the PV stack. The linear fit used is just the simplest approximation that should be upgraded to be valid for a longer time.
Nevertheless, the observed worse measurement uncertainty and drift when exposed to environment outside normal operating range conditions like DH does not limit the use of the sensors, since such conditions are very unlikely to be reached during normal field operation of PV modules. Therefore, regarding temperature and RH conditions, the presented measurement setup is expected to be suitable for long-term outdoor monitoring applications of PV modules, such as in the case presented in Fig. 15 , where both glass/EVA/backsheet stacks were mounted outdoors in order to monitor temperature and RH for longer time.
Preliminary outdoor monitoring results, presented in Fig. 16 , show that the measured RH value in the EVA reaches steady value of 66%RH after 20 days of outdoor exposure. This value corresponds to the mean external RH which is also the point made in [22] . Daily air RH variations are, thus, averaged out in the PV module, since the half-time time of the diffusion process t 1/2 according to [14] equals where saturation water density for EVA (c s = 1.5 kg/m 3 ) and water vapor transmission rate of backsheet (WVTR BS = 5.4 × 10 −9 kg/m 2 · s) were determined by extrapolation using the Arrhenius law to the average temperature during the outdoor experiment (T = 18°C).
Although the actual temperature varied daily from 6°C to 38°C, the half-time t 1/2 obtained from the measured data (five days) agrees well with the calculated one (4.3 days).
To further verify measurement results, we calculated internal RH (RH EVAcalc in Fig. 16 ) by numerical integration of the differential equation (1) using WVTR BS and c s data, predetermined by the Mocon test and interpolated to the actual measured temperature in the stack using Arrhenius law.
Although some simplified conditions were assumed [14] , as for instance that the water concentration in the encapsulant is homogeneous, the calculated RH is in good agreement with the measurement.
Overall, the proposed method gives reliable results as long as the laminated SHT25 sensors are exposed to normal operating conditions according to Fig. 2 . The data in Fig. 16 clearly show that while environmental conditions may often be outside desired operating conditions of the sensor, the module interior is well within its operating limits. In this frame, this method can as well be applied to characterization of moisture ingress properties of PV encapsulants. Indeed, water vapor transmission rate of the backsheet (WVTR BS ) parameter was determined as a free parameter from the fitting of the glass/EVA/backsheet RH data, while diffusion coefficient of EVA was extracted as a free parameter by fitting of the RH results for the glass/EVA/glass stack experiments.
The total thickness of the EVA layers was taken from datasheet (see Table I ), and saturation water content c s = 3.2 kg/m 3 was determined separately by a dynamic vapor sorption experiment. Obtained material properties are summarized in Table II. Obtained WVTR BS results are comparable with the reference value, which was determined by extrapolation using the Arrhenius law dependence from Mocon experiment at 30°C, 40°C, and 50°C (see Table I ). Diffusion coefficient of EVA, extracted as a free parameter by fitting of the RH results for the glass/EVA/glass stack experiment, was even closer to the extrapolated reference.
V. CONCLUSION AND OUTLOOK
The developed in-situ temperature and humidity monitoring method for PV modules proved to be robust and reliable.
Although the applied sensors are low costs, they deliver high accuracy and extremely low-noise signal readouts due to the all-in-chip analog-to-digital conversion and digital calibration. Sensors proved to be resistant to lamination process conditions and are chemically stable being in direct contact to the EVA. Furthermore, they exhibit a linear relation between the RH readings in the EVA and the RH readings in the air. This enables us to extract the WVTR of backsheet and moisture diffusion coefficient of encapsulant by exposing appropriate stack arrangement to elevated RH and temperature conditions. Thus, we can test various encapsulants, backsheets, and edge sealants in different PV module configurations for material characterization, module stack comparison, and even preliminary failure detection.
A similar miniaturized, low-cost, low-power, and preferably wirelessly connected sensor system could be installed in commercial PV modules during the lamination procedure. This would allow in-situ monitoring of temperature and RH conditions during the entire PV module lifetime. Data could be gathered by monitoring equipment, providing automated fault detection algorithms. Such capabilities could even be added to the already existing monitoring setups used in the general PV plant monitoring by the inverter manufacturers. Gathered data would provide valuable feedback information to manufacturers of materials and PV modules on one side and allow quick automatic fault detection to customers on the other side, even supporting warranty claims.
The main question which still has to be answered and will also be a subject of our future research is to find an empiric correlation between the RH readings of the sensors and the water content in various encapsulants. Results would represent a calibration base for a real-time determination of the water content in PV encapsulants in laboratory or in field operation conditions.
